Layer-by-layer accumulation of monolayers of silica-coated cadmium sulfide (CdS) was achieved through repeated monolayer deposition-hydrolysis cycles using CdS particles (average diameter; 5 nm) modified with 3-mercaptopropyltrimethoxysilane (MPTS) and glass substrates. Absorption spectroscopic analyses of the resulting yellow films revealed that each layer had almost the same thickness, the estimated density of which corresponded to ca. with the elevating temperature. The growth of particles, i.e., the diminution of particle number, and/or the diminution of number of separated independent shells may account for the dependence.
Introduction
Nanocomposites having well-defined nanometer-scale dimensions are an interesting and increasingly important class of materials and have been studied aiming at development of novel catalysts and optoelectronic devices. Among the nanocomposites, studies of surface coating of nanoparticles with different materials to produce core-shell structures have attracted attention , because physical and chemical properties of core materials can be modified or tailored by the shell components with negligible change in shape and size of the core particles. Also core-shell nanoparticles have been useful as precursors for the preparation of hollow structures by removing core materials through chemical etching or combustion [22] [23] [24] [25] [26] [27] [28] [29] [30] , and partial removal of the core has enabled preparation of novel nanostructures inside the shell, such as the encapsulation of metal nanoparticles in hollow sphere and the void formation between the core and shell [31] [32] [33] [34] [35] [36] [37] . To utilize these nanoparticles in solid devices, such as optoelectronic devices and sensors, it is necessary to immobilize core-shell nanoparticles onto solid substrates. In recent years several techniques have been reported, which included the casting of the particles [10, 38] and the layer-by-layer deposition using the charged particles and the ionic polymers [39] [40] [41] .
We have reported size-selective photoetching technique as a means of preparation of monodisperse semiconductor nanoparticles in the size quantization regime.
When the technique was applied to CdS, the particle size could be controlled within the range of 3.5 to 1.7 nm simply by selecting the wavelength of monochromatic irradiation light in the range of 488 to 365 nm [42] [43] [44] [45] [46] [47] . Recently we have also applied this technique successfully to control core size in silica-coated CdS nanoparticles, i.e., a CdS core-silica shell structure. The resulting nanoparticles had a void space inside the silica shell and its size was adjusted by choosing the irradiation wavelength [48] . In this paper, we report a newly developed method of layer-by-layer accumulation of silica-coated CdS nanoparticles on glass substrates. It was revealed that the size of core, in other words the size of void space, in the nanoparticle films could be controlled using the size-selective photoetching. 
Experimental Section

Materials
Sodium di(2-ethylhexyl) sulfosuccinate (AOT), 1,1'-dimethyl-4,
Preparation of CdS nanoparticles
MPTS-modified CdS nanoparticles were prepared through the procedure reported pre viously [48] . [47] , and irradiated with the monochromatic light until their absorption spectra had become unchanged. The absorption spectra of the silica-coated CdS nanoparticle films on glass plates were measured using an Agilent 8453 spectrophotometer.
Since both sides of a glass plate were covered with the nanoparticulate films, the absorption spectra originating from a CdS film on one side is shown in this study by halving the absorbance.
Characterization of core-shell nanoparticle films
The surface of the film was observed by an atomic force microscopy (AFM) (Digital Instruments, Nanoscope IIIa) in a tapping mode using Nanosensors NCH cantilevers.
The size of silica-coated CdS nanoparticles was obtained by measuring the lateral dimension of the particle images (more than 60 particles).
Results and discussion
Layer-by-layer deposition of nanoparticle films
Absorption spectrum of MPTS-modified CdS nanoparticles in toluene was shown in Fig. 1a , which had the exciton peak around 445 nm and the absorption onset at 530 − 550 nm. Since the energy gap of bulk CdS was reported to be 2.4 eV [49] (corresponding to the absorption onset of ca. 520 nm), the large part of CdS nanoparticles possessed the energy gap similar to that of bulk material. As reported in the previous paper [48] , CdS nanoparticles prepared by almost the same procedure had a wide size distribution ranging from 3 to 7 nm, and the average diameter anchored CdS nanoparticles are hydrolyzed in hot water to form silica shell-CdS core structure, as was proved by FT-IR spectroscopy in our previous paper [48] . Using produced surface hydroxyl groups on the shell, another monolayer of MPTS-modified CdS particles were attached followed by the hydrolysis. This layer-by-layer accumulation of silica-coated CdS was repeated up to 17 times. One of the possible reason for the loose packing is heterogeneity of size of MPTS-modified CdS nanoparticles; the diameter of CdS core ranges from 3 to 7 nm [48] . of CdS nanoparticles before irradiation, regardless of the irradiation wavelength [48] . Although the diameter of the nanoparticles observed by AFM was much larger than that observed in the TEM measurement, ca. 5.0 nm, it is well-known that in AFM images lateral size is often overestimated because of radius of the curvature of the point of AFM tips [51, 52] .
Photoetching of CdS core
Effect of pre-irradiation curing
In order to increase the stability of the silica-coated CdS nanoparticle films, they were cured at various temperature before photoetching. Figure 5 shows the influence of curing temperature on the absorption spectra before and after the size-selective photoetching. Before photoetching, the absorption spectrum of the film heat-treated at 473 K was almost same as that of the film without curing, but the heat treatment higher than 573 K caused appreciable red shift of absorption spectra, is presumed that the silica shell in the core-shell nanoparticles is stabilized by the alkyl chain stems anchored to the CdS core surface, but shrinks, because of the removal of stems, by the curing to lead to the formation of windows connecting the chambers and allowing the coalescence of photoetched particles.
Conclusion
We have successfully immobilized the silica-coated CdS core-shell nanoparticles on curing of the film induced the shrinkage of the silica network of the shell to decrease the amo unt of remaining photoetched CdS core. In order to avoid this, it is necessary, for example, to fill the gap among the core-shell particles or to thicken the silica shell layer.
Work in this direction is currently in progress. 
Figure 6
The absorbance difference (ΔA) between exciton peak and absorption onset of silica-coated CdS nanoparticle films before (1) and after irradiation at (2) 488, (3) 458, and
